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Özet
Amaç: Çalışmamızda Eritropoetinin, gürültü ile uyarılmış sıçan spiral gang-
lion nöronlarında S100 proteini dağılımına etkisinin, immunohistokimyasal 
yöntem ile araştırılması amaçlandı. Gereç ve Yöntem: Yirmi-iki Wistar albi-
no sıçan üç gruba ayrıldı: sağlıklı kontrol grup (n=7), Serum fizyolojik enjek-
siyon grubu (n=7) ve Eritropoetin enjeksiyon grubu (n=8). Serum fizyolojik ve 
Eritropoetin enjeksiyon gruplarına 3 saat süre ile beyaz gürültü (100 dB SPL) 
uygulandı. Koklea kesitleri gümüşleme yöntemi ile histokimyasal olarak ve 
S100 antikoru ile immunohistokimyasal olarak boyandı. Bulgular: Gümüşle-
me yöntemine göre sağlıklı kontrol grubu spiral ganglion nöronlarında normal 
yapı ve zayıf bir boyanma gözlendi. Serum fizyolojik enjeksiyon grubu gangli-
on nöronlarının sitoplazmasında koyu-siyah boyanma ve dejeneratif görünüm 
belirlendi. Eritropoetin enjeksiyon grubunda ise az sayıda nöronun koyu bo-
yandığı izlendi. S100 immunohistokimyasal boyamasına göre, sağlıklı kont-
rol grubunda Schwann hücrelerinde ve myelin lamellerde kuvvetli reaksiyon 
gözlendi (p<0.05). Serum fizyolojik enjeksiyon grubunda Schwann hücrelerin-
de orta şiddetli S100 reaksiyonu izlenirken spiral ganglion nöronlarının diğer 
bölgelerde zayıf reaksiyon vardı (p<0.05). Eritropoetin enjeksiyon grubunda 
yer yer bazı bölgelerde azalma olsa da, doku genelinde sağlıklı kontrole ben-
zer kuvvetli S100 ekspresyonu tespit edildi. Tartışma: Eritropoetin sıçan kok-
leasında gürültü ile indüklenmiş SGN dejenerasyonunu, Schwann hücrelerini 
koruyarak engeleyebilir. 

Anahtar Kelimeler
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Abstract

Aim: To investigate the effect of Erythropoietin on acoustically overstimu-

lated rat spiral ganglion neurons (SGNs) using S100 protein immunostaining.

Material and Method: Twenty-two Wistar albino rats were divided into three 

groups: healthy control group (n=7), Saline solution (n=7) and Erythropoietin 

injection groups (n=8). Saline solution and Erythropoietin injection groups re-

ceived white noise (100 dB SPL) for 3 hours. Cochlear sections were stained 

by silver staining technique and immunostained by S100 antibody. Results: 

Histochemical analysis of silver staining sections revealed normal structure 

and a weak staining in SGNs of healthy control group. However, dark-black 

cytoplasmic staining, cellular shrinkage and degeneration were detected 

in saline injection group. On the other hand, a few weakly stained neurons 

were observed in erythropoietin injection group. S100 staining demonstrated 

strong reaction in Schwann cells and myelin sheaths of SGNs in healthy con-

trol group (p<0.05). In saline solution injection group, Schwann cells showed 

moderate S100 reaction and other regions of SGNs showed weak reaction 

(p<0.05). In erythropoietin injection group, strong S100 expression almost 

similar to the healthy control group was determined, although there was an 

occasional decrease. Discussion: Erythropoetin may prevent noise induced 

SGN degeneration via protecting the Schwann cells in rat cochlea.
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Introduction
Intense noise may cause hearing loss depending on the sound 
intensity and frequency, and individual sensitivity. Intense noise 
exposure may lead to hearing loss especially by targeting and 
affecting the cochlea and its structures [1]. The basic mecha-
nisms underlying noise-induced hearing loss are: altered micro-
circulation, increased free oxygen radical formation and activa-
tion of apoptosis [1]. Although the outer hair cells are the most 
sensitive structures to noise, inner hair cells, spiral ganglia, spi-
ral ligaments and spiral limbus have also been shown to be af-
fected by acoustic trauma [2]. 
A variety of degenerations may develop in spiral ganglion neu-
rons (SGNs) and primary afferent neurons of the cochlea follo-
wing sensorineural hearing loss. The most important of these is 
gradual myelin degeneration in SGN bodies in Rosenthal’s ca-
nal and peripheral nerves in the osseous spiral lamina after ra-
pid and widespread loss of myelination in Organ of Corti [3]. The 
degenerative phase is generally completed with a decrease in 
the number of myelin lamellae surrounding the SGNs. The dec-
rease in myelin lamellae initially begins in peripheral parts and 
increasingly affects the central regions of auditory nerves [4]. 
Myelin deficiency has been observed around the SGNs of chro-
nically deafened experimental animals [4,5]. Demyelination le-
ads to a loss of neural membrane resistance which reduces the 
effectiveness of a neuron in initiating the response to electrical 
stimulation and transmission of action potential [6]. The mye-
lin of peripheral nervous system is generated by Schwann cells. 
There are several markers of Schwann cells (such as P75, con-
nexin 29, S100, myelin basic protein, Sox10 and PO) and the-
se are shown in cochlea using immunostaining or in situ hybri-
dization techniques [7]. It has been shown that S100 protein 
appears as a maturation signal in fetal inner ear membranes, 
cochlear epithelium and spiral ligaments [8]. S100 proteins are 
known to be involved in cell-cell communication, cell structure 
and growth, energy metabolism and intracellular signal trans-
mission. They also play important roles in brain growth and re-
generation. Moreover, they play a remarkable role in neuronal 
differentiation and maturation [7]. 
Erythropoietin (Epo) is a well-known hematopoietic cytokine 
and also exhibits a protective effect on nervous system. Eryt-
hropoietin and its receptor have been shown to be expressed in 
neural tissue [9]. In addition, Epo is known to have antioxidant, 
anti-inflammatory and antiapoptotic effects [9]. The results of 
studies which examined the effect of Epo on models of cochlear 
injury, are controversial. In an experimental study, Frederiksen 
et al. reported that noise-induced hearing loss increased in sub-
jects administered Epo [10]. In contrast, Monge et al. emphasi-
zed that Epo has a protective role against auditory hair cell da-
mage in vitro [11]. Therefore, this study was aimed to investiga-
te the amount of myelin degeneration in acoustically overstimu-
lated rats and examine the protective effect of Epo using an im-
munohistochemical Schwann cell marker S100 protein. 

Material and Method
Experimental Animals
Twenty-two female Wistar albino rats weighing 250-350 g and 
with normal Preyer reflexes were used. All the rats were studi-
ed in Experimental Animal Center of Dokuz Eylul University at a 

constant room temperature (21-22oC) under a 12-hour dark/12-
hour light cycle. All experiments were carried out in accordance 
with the European Communities Council Directive of 24 Novem-
ber 1986 (86/609/EEC) and were approved by the Animal Care 
Committee of Celal Bayar University. Otoscopic examinations 
were performed on all animals before the first injection. Ani-
mals with no outer/middle ear disease and normal auditory bra-
instem responses were included in the study. Rats were divided 
into three groups; (i) a saline solution injection group (SS) ad-
ministered 0.09% NaCl solution intraperitoneally (i.p.) (n=7), (ii) 
an Epo injection group administered recombinant human eryt-
hropoietin (rhEpo) (n=8) i.p. at a dosage of 2000 IU/kg [12] and 
(iii) a healthy control group without any injection and not expo-
sed to noise (n=7). Both Epo and saline injections of the same 
volume (1 ml) were performed 24 hours before and 1 hour be-
fore the noise exposure, and afterwards every 24 hours for the 
following seven days.

Noise Application
White noise at 100 dB SPL was applied to the Epo and SS injec-
tion groups for 3 hours. White noise generated by a sound gene-
rator including an Interacoustics AC 40 clinical audiometer was 
reinforced with a specially manufactured amplifier. During ex-
posure to noise, which took place in a sound-proof cabin, each 
animal was kept awake. Two loudspeakers (Spekon-Audio, Cont-
rol 80) were placed immediately above the cages. The intensity 
of sound was routinely measured from the central point of the 
cage roof with a Brüel & Kjær sound level meter. Care was ta-
ken to ensure that any change in sound intensity at the edges 
of the cage should not exceed 5 dB.  

Histochemical Examination
Seven days after noise application, the temporal bones of rats 
were removed under deep general anesthesia for histopatho-
logical examination. After tissues were fixed in neutral formal-
dehyde for 24 hours, they were stored in EDTA solution for de-
calcification. Paraffin blocks were subsequently prepared and 
serial sections of 5μ in thickness taken. One part of the seri-
al sections was stained by silver impregnation technique in or-
der to determine the presence of damage in SGNs. In this tech-
nique, argyrophilic staining demonstrated the degenerated ne-
urons [13]. Briefly, neurons and neural axon processes were sta-
ined dark-black; however, non-degenerated neurons were stai-
ned light yellow. 

Immunohistochemical Staining Technique 
The other part of the serial sections was set aside for immuno-
histochemical staining. After being deparaffinized in xylene by 
incubation at 60oC for one night, they were dehydrated in decre-
asing alcohol series. Thereafter, they were boiled in citrate buf-
fer (10 mM, pH 6.0) in a microwave for 15 min. They were kept 
in hydrogen peroxide for 15 min in order to prevent endogeno-
us peroxidase activity. Sections were then incubated for 10 min 
in blocking serum (Ultra V Block, NeoMarker, Fremont, CA, USA). 
Sections were incubated for 60 min at room temperature and 
in a humid environment with primary antibody S100 (Labvision, 
CA, USA). Antigen antibody complex was identified with biotiny-
lated secondary antibody and streptavidin-peroxidase comp-
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lex (20 min). Labeling was performed using AEC (Labvision, CA, 
USA). Sections were counter stained with Mayer’s hematoxylin 
and covered with mounting medium. Photographs were taken 
with a microscope with attached camera Olympus CX41 (Ger-
many). Immunohistochemical analysis was performed on coch-
lea cross-sections for all animals using image-analyzing softwa-
re (Leica Q Win V3 Plus Image). Control samples were processed 
in an identical manner, but incubation with the primary antibody 
was omitted (data not shown). Two observers blinded to experi-
mental information evaluated the immunolabeling scores inde-
pendently. Ten areas were selected at random at X100 magnifi-
cation on each preparate and the H-score calculated according 
to the intensity of staining by the amount of staining percenta-
ge. Intensity was scored semi-quantitatively; (0, no staining), 1 
(+, weak immunoreactivity), 2 (+ + , moderate immunoreactivity) 
and 3 (+ + +, strong immunoreactivity). Percentage of staining 
was calculated as cell/structures with immunoreactivity over to-
tal cell/structures; 1 (0 – 10%, focal), 2 (11 – 50%, regional) and 
3 (51-100%, diffuse). Intensity and amount scores for each field 
were calculated using the formula Σ Pi.(i+1) (Pi= percentage of 
staining, i= intensity of staining). The results were collected and 
a single value obtained for each slide. 

Statistical Analysis
The data obtained were analyzed on SPSS 15.0. Study groups 
histological values, numbers, percentages and means were ta-
ken and Kruskall Wallis, a non-parametric test, was performed. 
Groups were compared using the Mann Whitney U test. The re-
sults were given as mean ± standard deviation. p values lower 
than 0.05 were accepted to be significant.

Results
A normal SGN structure and weak staining were observed in 
cochlea sections of the healthy control group (Figure 1A). Dark-
black (argyrophilic) staining in the cytoplasm of ganglion neu-
rons, shrinkage in cells and a generally degenerative appearan-
ce were notable in SS injection group (Figure 1.B). The number 
of these cells (31.14 ± 1.57) was also significantly higher com-
pared to the healthy control group (3.14 ± 1.06) (p<0.05) (Table 
1, Figures 1.A, 1.B). In Epo injection group, some ganglion neu-
ron cells exhibited mild argyrophi-
lic staining, and there was a signi-
ficant decrease in number of the-
se cells (9.14 ± 1.34) (Figure 1.C) 
(p<0.05). The score of SGN dege-
neration between the groups ba-
sed on silver staining technique 
were summarized in Table 1 and 
Figure 2.
In S100 immunohistochemical 
staining, immunoreactivity ran-
ging from moderate to strong was 
observed in Organs of Corti, in-
ner and outer hair cells and outer 
phalangeal cells in healthy cont-
rol and Epo injection groups (Fi-
gures 3.A1,C1). However, modera-
te S100 expression was determi-

ned in all cells of Organ of Corti in SS injection group (Figure 
3.B1). In contrast, strong S100 expression was observed in spi-
ral ganglia, and particularly in Schwann cells and myelin lamel-
lae around the neurons in healthy control group (Figure 3.A2). 
Moderate expression in Schwann cells and weak expression in 
other structures were determined in SS injection group (Figure 
3.B2). Strong staining, almost similar to healthy control group 
despite a slight decrease, was observed in S100 immunoreacti-
ons in lamellae of myelin around some neurons and in Schwann 
cells in Epo injection group (Figure 3.C2).
The comparison of healthy control and SS injection groups re-
vealed significantly higher expression in healthy control group 

	
  

Figure 1: �: healthy neuron cell body, Æ: Argyrophilic stained degenerated neuron 
body Healthy group (A), SS group (B), Epo group (C) Spiral ganglion, silver staining 
method (X1000) Bar = 5 μm.

	
  
Figure 3.  �: Inner hair cell, ": Outer hair cells, Æ: Phalangeal cells, I: Outer pillar cells, H: Inner pillar cells,   Healthy 
group (A1), SS group (B1), Epo group (C1) Organ of corti.  ß: Neuron body, Æ: Myelin lamellae, �: Schwann Cell,  Healthy 
group (A2), SS group (B2), Epo group (C2) Spiral ganglion S100 immunostaining (X1000).  Bar = 5 μm.”

Figure 2. Comparison of degenerative neurons in spiral ganglia by groups.

Table 1. Degenerative ganglion values in the group at silver staining

Healthy SS Epo p value

H-SS H-Epo SS-Epo

Degene-
rative
Ganglion

3.14 ± 
1.06

31.14 ± 
1.57

9.14 ± 
1.34

0.000 0.000 0.000

p<0.05 (Kruskall Wallis test). The values are presented as Mean±Standard De-
viation.
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in Schwann cells (95.00 ± 2.30) and myelin around the neurons 
(83.00 ± 2.16) than in SS injection group (37.85 ± 3.02 and 
27.70± 2.14) (p<0.05). When Epo and SS injection groups were 
compared according to S100 expression in Schwann cells and 
myelin, a statistically significant difference in the favor of Epo 
injection group was determined (65.14 ± 3.02 and 53.00 ± 2.16) 
(p<0.05). In terms of outer phalangeal cells, S100 expression 
was highest in healthy control group (74.00 ± 2.16). The mean 
values of outer phalangeal cell S100 expression in three groups 
were almost similar to each other. H-score values according to 
S100 expression in outer phalangeal cells, myelin lamellae and 
Schwann cells were summarized in Tables 2 and Figure 3 and 4.
Discussion
Acoustic trauma is known to have a hazardous effect on SGNs, 
the primary auditory neurons [2]. In addition, several studies 
have reported swelling and neural damage in dendrites of SGNs 
following exposure to loud noise [14,15,]. In our experimental 
study, acoustic overstimulation induced degeneration of SGNs, 
cellular and nuclear condensation, and decrease in number of 

neurons was obviously determined (Figure 3). These results are 
similar to the reported studies [2,14,15].  
Myelin is involved in various functions associated with signa-
lization, support and regulating neuronal activities under nor-
mal and pathological conditions [16]. The deficiency of mye-
lin around the nerve cell bodies may cause remarkable decele-
ration in electrical transmission, despite of permitting electri-
cal or metabolic exchange among cells [16]. Nerve transmissi-
on in SGN decreases significantly when cochlear myelination is 
comprised, or in case of deafness [17]. The auditory nerve is co-

vered by myelin, which is mainly synthesized by Schwann cells 
in peripheral nervous system, while the myelin in central nervo-
us system is generated by oligodendrocytes [17]. Schwann cells 
can survive despite SGN degeneration persisting in noise indu-
ced hearing loss [17].
In this experimental study, the effects of intense noise on SGNs, 
Schwann cells and myelin was evaluated using S100 prote-
in. This study is the first in which the immune distribution of 
S100 protein, a Schwann cell and myelin marker, was exami-
ned in rat cochlea administered Epo as a protector against aco-
ustic trauma. The morphological studies have shown the im-
portance of Schwann cells after hearing loss. Dodson and Mo-
huiddin emphasized the presence of large numbers of satelli-
te cells and myelins around surviving SGNs in ototoxic hearing 
loss [18]. Leake and Hradek observed a large number of satel-
lite and Schwann cells grouped together in long-term sensori-
neural hearing loss with no surviving neurons and reported that 
these cells persisted even long after the degeneration of SGNs 
[4]. The mechanism how Schwann cells survive despite SGN de-
generation is not completely known, although this is believed 
to be associated with mature Schwann cells [19]. In the current 
study, S100 immunoreaction was strong in healthy control gro-
up, particularly in Schwann cells and myelin lamellae. On the ot-
her hand, remarkable decrease in Schwann cells of SS injecti-
on group was detected, although they were not negative. This 
also suggested that Schwann cells survive despite intense no-
ise, and this enables some SGNs to survive. In healthy control 
group, a relatively strong S100 expression in outer phalangeal 
cells in Organ of Corti, similar to that in Schwann cells was also 
detected. This suggested that S100 might also be regarded as a 
survival signal molecule for outer phalangeal cells [20]. The fact 
that outer phalangeal cells were stained in an intensity varying 
from moderate to strong in Epo injection group, despite decre-
asing expressions in SS injection group, demonstrated that the-
se cells may play a role in the protection of outer hair cells aga-
inst acoustic trauma and application of Epo may enhance the-
ir chances of survival.  
The protective effect of Epo has been shown through in vit-
ro and in vivo studies involving ischemic, hypoxic, metabolic 
and neurotoxic damage to the central and peripheral nervous 
systems [12]. Erythropoietin plays an active role in several sta-
ges of injury in neural tissue, such as prevention of free radical 
production, regulation of neurotransmission, reversal of vasos-
pasm, triggering of angiogenesis, inhibition of apoptosis and 
regulation of inflammation [21]. This study obviously shows, for 
the first time in literature, that Epo may have a protective effect 
on spiral ganglion neurons following exposure to intense noise.
Erythropoietin exhibits its effect by binding to its receptor. Re-
ceptor activation stimulates cell proliferation by activating the 
intracellular signal transmission mechanism and inhibits apop-
tosis [22]. Monge et al. reported that Epo receptor mRNA is 
expressed in cochlea, and that gentamicin-associated hair cell 
loss can be prevented with the administration of Epo [23]. In 
addition, another study performed on rat cochlea cultures sho-
wed that Epo significantly reduces ischemia-related apoptosis 
and necrosis [24]. In contrast, there is only one study concer-
ning the protective effect of Epo against noise-related hearing 
loss [10]. Although Frederiksen et al. emphasized the Epo indu-
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Figure 4. Outer phalangeal cells, myelin and S100 expression in Schwann cells 
by groups

Table 2. Two-way comparisons of S100 immunohistochemical H scores in the 
healthy, SS and Epo groups

Healthy SS Epo p value

H-SS H-Epo SS-Epo

O u t e r 
P h a l a n -
geal Cells 

84.00 ± 
2.16

62.42 ± 
1.71

70.85 ± 
1.34

0.002 0.002 0.04

Myelin 83.00 ± 
2.16

27.70± 
2.14

53.00 ± 
2.16

0.002 0.002 0.002

Schwann  
Cell

95.00 ± 
2.30

37.85± 
3.02

65.14 ± 
3.02

0.002 0.002 0.002

H: Healthy, p<0.05 (Mann Withney U test). The values are presented as 
Mean±Standard Deviation.
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ced increase of ischemia in cochlea, other studies described the 
anti-ischemic and angiogenesis-stimulating effects of Epo [24]. 
In addition, in the trials of Frederiksen et al., Epo was applied 
to the experimental subjects after noise exposure and adminis-
tered topically. Erythropoietin was applied systemically (by the 
intraperitoneal route) in only one trial of that study; however 
just only 1 hour before noise exposure [10]. The neuroprotective 
effect of Epo is exhibited through receptor activation and takes 
place through RNA and protein synthesis; therefore, it has to be 
administered at least 8 hours before [25]. In this study, Epo tre-
atment was initiated intraperitoneally 24 hours before the app-
lication of noise and was maintained for 7 days. Our results ob-
viously showed that Epo may significantly reduce the degene-
rative changes in SGNs and losses associated with Schwann 
cell death in spiral ganglia when administered in this schedule.
The current study demonstrated that Schwann cells of Epo in-
jection group exhibited a more powerful S100 expression than 
SS injection group (Table 2). This suggested that the applicati-
on of Epo was effective for the protection of Schwann cells aga-
inst noise, and that it also protected the SGNs. These findings 
were compatible with the silver staining technique, regarded as 
a marker of neuronal degeneration. The application of Epo cau-
sed significant decrease in the number of neurons suffering de-
generation when compared with the SS injection group. These 
results showed that Epo may have a positive effect on SGNs to 
survive after acoustic trauma by supporting the Schwann cells. 
In conclusion, the positive changes in Schwann cells and SGNs 
in the group exposed to noise and given Epo had significantly 
different when compared with the group administered SS. Eryt-
hropoietin treatment initiated 24 hours before the applicati-
on of noise and maintained for 7 days had a positive effect 
on Schwann cells and SGN survival. The clinical importance of 
this study is that rhEpo, which has been safely and widely used 
for years in humans, may also represent a treatment option for 
acoustic trauma. It will therefore point the way for future rese-
arches. 
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